The infiltration of monocytes into the CNS represents one of the early steps to inflammatory events in AIDS-related encephalitis and dementia. Increased activity of selected matrix metalloproteinases (MMPs) such as MMP-9 impairs the integrity of blood-brain barrier leading to enhanced monocyte infiltration into the CNS. In this study, we examined the effect of HIV-1 Tat 
Introduction
AIDS dementia complex (ADC) is a neurological disorder associated with HIV infection and affects up to 50% of adult AIDS patients. One of the characteristic features of ADC is the infiltration of monocytes into the CNS which represents one of the early steps to inflammatory events within the CNS (Ozdener, 2005; . Although the processes in the monocyte infiltration into the CNS are complex, dysregulation of proinflammatory mediators such as cytokines, chemokines, and adhesion molecules and enzymes including matrix metalloproteinases (MMPs) during HIV-1 infection may accelerate the recruitment and trafficking of leukocytes into the CNS (Rappaport et al., 1999) .
The HIV-1 Tat is a viral protein essential for expression and replication of the viral genome. HIV-1 Tat mRNA and protein have been detected in the brains of patients with ADC and HIV encephalitis (Wiley et al., 1996; Hudson et al., 2000) . This Tat protein, released from the infected cells, has the ability to enter uninfected cells and exert its activity upon the responsive genes (Ensoli et al., 1993) .
MMPs belong to the family of neutral endopeptidases that can mediate the degradation of extracellular matrix proteins and also degrade components of the blood-brain barrier (BBB), such as the EC basement membrane (Van den Steen et al., 2002) . The activity of MMPs is strictly regulated at the levels of gene expression as well as proenzyme activation (Chakraborti et al., 2003) . In addition, MMPs are controlled by naturally occurring tissue inhibitors of MMPs. It has been implicated that dysregulation of MMP activity during HIV infection is associated with disease progression by affecting the integrity of the extracellular matrix (Reviewed in Mastroianni and Liuzzi, 2007) .
Previous studies reported that various MMPs CRT-MG cells were treated with 500 ng/ml HIV-1 Tat protein for various times (A) and various concentration of HIV-1 Tat protein for 48 h (B). Aliquots of culture media were collected and the concentration of MMP-9 was measured by ELISA (upper panel). Conditioned media were subjected to 8% SDS-PAGE with or without 0.2% gelatin. MMP-9 expression was determined by western blot (middle panel) and gelatinolytic activities of MMP-9 were determined by zymography (lower panel) as described in Methods. To analyze mRNA expression of MMP-9, CRT-MG cells were treated with 500 ng/ml HIV-1 Tat protein for various times (C) and various concentration of HIV-1 Tat protein (10-1,000 ng/ml) for 6 h (D). Total RNA was extracted and analyzed for expression of MMP-9 mRNA. (E) Inhibition of HIV-1 Tat-induced MMP-9 expression by actinomycin D. CRT-MG cells were pretreated with actinomycin D (2, 10 μg/ml) for 1 h before treatment with HIV-1 Tat protein (500 ng/ml) for 6 h. Total RNA was extracted. MMP-9 and actin mRNA were quantitated by RT-PCR using specific primers. RT-PCR products were analyzed by 1% agarose gel electrophoresis.
activity such as MMP-2, 7, and 9 was increased in the cerebrospinal fluid of HIV-infected patients with neurological disorders (Sporer et al., 1998; Conant et al., 1999; Liuzzi et al., 2000; Suryadevara et al., 2003) , suggesting that MMP activity is one of potential mediators involved in the BBB disruption.
Although the exact source of MMPs activity in the CNS has not been elucidated, astrocytes, the major glial cells in the CNS and also one of major components of BBB, can act as a source of MMPs activity. Recently, it was demonstrated that when stimulated by HIV-1 virions, astrocytes can express the increased level of MMPs such as MMP-2 and MMP-9, which can contribute to inflammatory events within the CNS (Leveque et al., 2004) . However, viral components responsible for expression of MMPs were not determined. In this study, we investigated the effect of extracellular HIV-1 Tat on the expression of MMP-9 and its underlying action mechanisms in astrocytes. We show that HIV-1 Tat increased the level of MMP-9 expression via MAPK-NF-κB-dependent mechanisms in astrocytes. We also show that Tat-mediated up-regulation of MMP-9 expression was dependent on TNF-α production induced by HIV-1 Tat.
Results

Induction of MMP-9 expression by HIV-1 Tat in human astrocytes
It was previously demonstrated that HIV-1 virion induces expression of MMP-9 by human astrocytes (Leveque et al., 2004) . Besides HIV-1 virion, viral proteins such as HIV-1 Tat may contribute to up-regulate expression of MMPs which affect the integrity of BBB, leading to enhanced infiltration of monocytes into CNS (Conant et al., 2004) . In this Figure 2 . HIV-1 Tat induces NF-κB dependent up-regulation of MMP-9 in CRT-MG. (A) Nuclear extracts were prepared from the CRT-MG cells exposed to 500 ng/ml HIV-1 Tat protein for the indicated times and DNA binding activity of NF-κB in the nuclear extracts was measured by EMSA. (B) CRT-MG cells were exposed to 500 ng/ml HIV-1 Tat protein for the indicated times. Phosphorylation and degradation of IκB-α and cytosolic and nuclear NF-κB were analyzed by Western blotting. (C) CRT-MG cells were treated with HIV-1 Tat protein (500 ng/ml) for 6 h (for MMP-9 mRNA) or 48 h (for MMP-9 protein) with or without pretreatment with NF-κB inhibitors (50 μM TLCK, 10 μM BAY 11-7082, 5 μM BMS345541) for 1 h. Expression and activity of MMP-9 protein were determined by Western blot and zymograpy. MMP-9 mRNA expression was determined by RT-PCR. study, we examined the effects of HIV-1 Tat upon MMP-9 expression in the human astrocyte cell line CRT-MG. CRT-MG cells were exposed to varying doses of HIV-1 Tat (10-1,000 ng/ml) and at 48 h later the culture supernatants were analyzed for expression of MMP-9 by ELISA and Western blot assay. In addition, gelatinolytic activity of MMP-9 in the culture supernatants was assessed by zymography. As shown in Figure 1A , a time-dependent increase in protein levels and gelatinolytic activity of MMP-9 was observed in CRT-MG cells stimulated with HIV-1 Tat (500 ng/ml). As shown in Figure 1B , the protein levels and gelatinolytic activity of MMP-9 increased in a dose-dependent manner. There was no change in MMP-2 expression in the same experimental conditions. To examine whether HIV-1 Tat activates transcription of MMP-9 in CRT-MG cells, we analyzed the induction of MMP-9 mRNA expression in Tat-treated CRT-MG cells by RT-PCR. As shown in Figure  1C and D, time-and dose-dependent increase in levels of MMP-9 mRNA was observed in CRT-MG cells following HIV-1 Tat treatment. In addition, treatment with actinomycin D, an inhibitor of mRNA synthesis, markedly decreased expression of Tatinduced MMP-9 mRNA in CRT-MG cells ( Figure  1E ). These results indicate that de novo mRNA synthesis is required for Tat-induced MMP-9 gene expression.
NF-κB is responsible for induction of MMP-9 expression by HIV-1 Tat in human astrocytes
MMP-9 expression is regulated by different trans- (JNK inhibitor), SB203580 (p38 inhibitor), or PD98059 (ERK inhibitor) for 1 h before adding 500 ng/ml HIV-1 Tat protein for 6 h (MMP-9 mRNA) or 48 h (MMP-9 protein). MMP-9 mRNA expression was determined by RT-PCR. MMP-9 expression and activity was determined by Western blot and zymograpy.
cription factors including NF-κB (Vincenti and Brinckerhoff, 2007) . Previous studies demonstrated that extracellular HIV-1 Tat protein is associated with an increase in NF-κB binding activity in human astrocytes (Conant et al., 1996; Song et al., 2007b) .
To examine the involvement of NF-κB in MMP-9 expression, CRT-MG cells were treated with HIV-1 Tat, the activation of NF-κB was monitored by EMSA. DNA binding activity of NF-κB p65 in HIV-1 Tat treated CRT-MG cells was strongly induced (Figure 2A ). The translocation of NF-κB was monitored by Western blot analysis. Nuclear accumulation of NF-κB p65 in HIV-1 Tat treated CRT-MG cells were significantly increased ( Figure 2B ). The translocation of NF-κB to the nucleus is preceded by the phosphorylation, ubiquitination, and subsequent proteasomal degradation of IκBα (Gloire et al., 2006) . Next, we examined HIV-1 Tat-induced signal cascade of NF-κB activation, such as IκBα phosphorylation and degradation by Western blot analysis using an antibody against phospho-specific IκBα. Treatment of CRT-MG cells with HIV-1 Tat led to the rapid phosphorylation of IκBα and its subsequent degradation ( Figure 2B ). Pharmacological NF-κB inhibitors, TLCK, BAY 11-7082, and BMS345541 suppressed Tat-induced expression of MMP-9 and gelatinolytic activity of MMP-9 ( Figure  2C ). These results indicate that Tat-induced NF-κB activity is necessary for inducing MMP-9 expression in CRT-MG cells.
HIV-1 Tat induced MAPK activation which is required for MMP-9 expression in CRT-MG
Previous studies have indicated that extracellular HIV-1 Tat has a regulatory effect on the activity of MAPKs such as p38, JNK and ERK protein kinase in astrocytes (Kutsch et al., 2000 , Song et al., 2007a . To examine HIV-1 Tat-induced MAPK activation, CRT-MG cells were exposed to HIV-1 Tat (500 ng/ml) for various times, and then MAPK activation was analyzed by Western blot analysis using phospho-specific antibodies against MAPK proteins. HIV-1 Tat induced phosphorylation of ERK, JNK and p38 protein kinase in a timedependent manner ( Figure 3A) . Pretreatment with MAPK inhibitors suppressed Tat-induced expression of MMP-9 mRNA, protein and gelatinolytic activity of MMP-9 ( Figure 3B ). These results indicate that Tat-induced MAPK activity is necessary for inducing MMP-9 expression in CRT-MG cells.
Roles of cytokines in HIV-1 Tat-induced MMP-9 expression
Since HIV-1 Tat stimulate the production of the pro-inflammatory cytokines such as TNF-α, IL-1β and IL-6 (Lafrenie et al., 1997; Nath et al., 1999) , these cytokines might be involved in Tat-induced up-regulation of MMP-9 expression. Therefore, we measured the secreted protein levels of pro-inflammatory cytokines in the supernatants of Tat-treated CRT-MG cells by using specific ELISA kits. Treatment of Tat resulted in an increase in TNF-α, and IL-6 protein levels, while Tat had no effects on the levels of IL-1β ( Figure 4A ). We next examined whether Tat induced MMP-9 expression through the action of these cytokines by using anti-cytokine antibodies. Preincubation of cells with anti-TNF-α antibody decreased the level of Tat-induced MMP-9 expression, as judged by Western blot analysis and zymography. In contrast, incubation of cells with anti-IL-1β or IL-6 antibody had no effect on the level of Tat-induced MMP-9 expression ( Figure 4B ). We next determined whether TNF-α itself induces MMP-9 in CRT-MG cells. CRT-MG cells were exposed to TNF-α for various times and the culture supernatants were analyzed for expression and gelatinolytic activity of MMP-9 by ELISA and zymography, respectively. As shown in Figure  4C , the protein levels and gelatinolytic activity of MMP-9 increased in a time-dependent manner. This neutralization experiment suggests that MMP-9 expression induced by HIV-1 Tat was dependent on Tat-induced TNF-α production.
Discussion
Although the delicate balance between MMPs and their inhibitors in the CNS is maintained in the normal physiological conditions, excessive production of MMPs such as MMP-9 can degrade components of the BBB, such as laminin and type IV collagen, thereby increasing permeability of BBB (Yong et al., 1998) . Recent study has shown that contact between HIV virions and astrocytes affected the secretion of MMPs and tissue inhibitors of metalloproteinase (TIMPs) in astrocytes (Leveque et al., 2004) . Although HIV-1 can infect astrocytes in vivo, productive replication is limited in astrocytes (Tornatore et al., 1994; Takahashi et al., 1996) . Therefore, viral proteins such as HIV-1 Tat and gp120 may contribute to upregulation of MMPs. Previous work has shown that HIV-1 Tat may regulate MMP-9 in monocytes (Lafrenie et al., 1996 (Lafrenie et al., , 1997 . However, little is known about HIV-1 Tat-mediated regulation of MMP-9 expression in astrocytes. In this study, we show that stimulation of astrocytes with HIV-1 Tat increased MMP-9 production with no change in MMP-2 via MAPK-NF-κB-dependent mechanisms as well as Tat-induced TNF-α production. Up-regulation of MMP-9 expression by HIV-1 Tat in astrocytes may lead to the disruption of BBB, resulting in the enhanced infiltration of leukocytes into the CNS. Previous studies have shown that expression of MMPs participates in infiltration of inflammatory cells into the CNS (Yong et al., 1998) . Since MMP-9 expression is regulated by different signaling pathways according to the stimuli, we performed the experiments to analyze the activation of NF-κB and its signaling cascades. We showed that HIV-1 Tat-induced increase in expression and release of MMP-9 in CRT-MG cells is regulated at the transcriptional level (Figure 1 ). NF-κB inhibitors inhibited the expression of MMP-9 gene in astrocytes treated by HIV-1 Tat (Figure 2) , suggesting Tat-mediated up-regulation of MMP-9 expression and release was dependent on an NF-κB-dependent pathway. Although the molecular mechanism by which HIV-1 Tat induces NF-κB activation is not clear, association of target molecules at the cell surfaces and extracellular HIV-1 Tat protein may trigger the possible signaling pathways that lead to the NF-κB activation. The MAPKs such as p38, JNK and ERK protein kinase are the principal components in the signaling cascades leading to activation of NF-κB upon various stimuli. Previous studies have shown that extracellular HIV-1 Tat can regulate the activity of MAPKs in astrocytes (Kutsch et al., 2000; Song et al., 2007a) . MAPK inhibitors suppressed Tat-induced mRNA and protein expression of MMP-9 as well as gelatinolytic activity of MMP-9 ( Figure 3B ). These results indicate that MAPK activity is required for Tat-induced MMP-9 expression in CRT-MG cells.
As demonstrated in Figure 4 , HIV-1 Tat is known to increase release of inflammatory cytokines such as TNF-α and IL-6 in astrocytes (Rappaport et al., 1999) . To elucidate the possible involvement of these cytokines in Tat-mediated up-regulation of MMP-9 expression, we performed the neutralization experiments using neutralizing anti-TNF-α, IL-1β or IL-6 antibodies. Neutralizing anti-TNF-α antibodies inhibited Tat-induced MMP-9 expression and release. However, neutralizing anti-IL-1β or IL-6 antibodies did not suppress Tat-induced MMP-9 expression. These results demonstrate that TNF-α was directly involved in this process. Previous work has shown that HIV-1 Tat upregulates MMP-9 production which was dependent on Tatinduced TNF-α production in monocytes (Lafrenie et al., 1997) . On the other hand, HIV-1 Tat-induced production of IL-1β or IL-6 production was independent of TNF-α production in macrophages and astrocytes (Nath et al., 1999) . These data indicate that HIV-1 Tat-induced MMP-9 expression but not IL-1β or IL-6 production depends on TNF-α in both monocytes and astrocytes.
Because MMPs have both beneficial and detrimental effects on the neuropathogenesis, the outcomes of up-regulation of MMP-9 expression might be complex depending on the pathophyiological conditions (Agrawal et al., 2008) . Previous study has shown that matrix metalloproteinase inhibitors suppressed HIV-1 Tat-induced neurotoxicity (Johnston et al., 2001) . On the other hand, recent study provided the possibility that HIV-1 Tat interacts with MMPs, especially MMP-1 which can degrade Tat proteins, leading to the decrease in Tat-induced neurotoxicity and HIV transactivation . The ability of HIV-1 Tat to up-regulate MMP-9 as well as various inflammatory mediators such as cytokins/chemokines, adhesion molecules suggests the possible role of HIV-1 Tat as an important regulator in the trafficking of monocytes into the CNS (Rappaport et al., 1999) . An understanding the mechanism by which HIV-1 Tat regulates MMP-9 production in the CNS may lead to novel therapies to control inflammatory processes during the development of HIV-induced neurological diseases.
Methods
Cell culture
CRT-MG human astroglial cells, derived from a neoplastic frontal lobe lesion, were maintained in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated FBS, penicillin G (100 U/ml), streptomycin (100 μg/ml) and L-glutamine (2 mM) at 37 o C in a humidified atmosphere containing 5% CO2 and 95% air, as previously described (Song et al., 2007b) .
Reagents
Actinomycin D, N-α-p-tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK) SB203580, PD98059, BMS 345541 and gelatin were purchased from Sigma (St. Louis, MO). BAY 11-7082 and SP600125 were purchased from Calbiochem (La Jolla, CA). Primary antibodies against MMP-9, phospho-IκBα, IκBα, phospho-NF-κB, phospho-ERK, ERK, phospho-p38, p38, phospho-JNK and JNK (Cell Signaling Technology, Beverly, MA) were obtained commercially. HRP-conjugated anti-rabbit or goat antibodies were supplied by Sigma (St. Louis, MO). Neutralizing antibodies against TNF-α, IL-1β and IL-6 were purchased from R&D Systems (Minneapolis, MN).
Purification of recombinant HIV-1 Tat protein
Recombinant HIV-1 Tat protein was purified under native conditions as described previously (Song et al., 2007b) . Endotoxin levels for the Tat preparation were below the detection limit (＜ 0.1 EU/ml) as tested by Limulus Amoebocyte Lysate assay (BioWhitaker, Walkersville, MD). The integrity and purity of the HIV-1 Tat proteins were assessed by SDS-PAGE followed by Coomassie blue staining. The biological activity of Tat was confirmed by a transactivation assay in HeLa cells transfected with a plasmid containing an HIV long terminal repeat (LTR)-luciferase gene.
Western blot analysis
Cell lysates were prepared by incubating cells in lysis buffer (125 mM Tris-HCl pH 6.8, 2% SDS, 10% v/v glycerol) at 4 o C for 30 min. Samples of fifty μg protein were separated on a 10% SDS-polyacrylamide gel. The proteins were electrotransferred to a nitrocellulose membrane, which was blocked with 10% dry milk in PBS. The membrane was probed with the indicated antibodies, and the immunoreactive bands were visualized by enhanced chemiluminescence (ECL; Amersham) as recommended by the manufacturer.
RT-PCR analysis
Total RNA was isolated from CRT-MG cells using a Trizol reagent kit (Invitrogen, Gaithersburg, MD) according to the manufacturer's instructions. The RNA (2 μg) was reversibly transcribed with 10,000 U of reverse transcriptase and 0.5 μg/μl oligo-(dT)15 primer (Promega, Madison, WI). PCR amplification of cDNA aliquots was performed with the following sense and antisense primers (5'→ 3'): MMP-9 sense, GTGCTGGGCTGCTGCTTTGCTG; MMP-9 antisense, GTCGCCCTCAAAGGTTTGGAAT; β-actin sense, GCGGGAAATCGTGCGTGACATT; and β-actin antisense, GATGGAGTTGAAGGTAGTTTCGTG. PCR was performed in 50 μl of 10 mM Tris-HCl (pH 8.3), 25 mM MgCl2, 10 mM dNTP, 100 U of Taq DNA polymerase, and 0.1 μM of each primer and was terminated by heating at 70 o C for 15 min. PCR products were resolved on a 1% agarose gel and visualized with UV light after ethidium bromide.
Assay of MMP-9 activity by gelatin zymography MMP-9 activity was assessed by gelatin zymography as described previously (Ma et al., 2001) . Briefly, cultured cells (8 × 10 5 cells/6 well) were stimulated by HIV-1 Tat for the indicated periods. Supernatants were collected and concentrated. Concentrated supernatants (400 μl) were mixed with SDS sample buffer without reducing agent, and proteins were subjected to SDS-PAGE in 8% polyacrylamide gels containing 0.2% gelatin (v/v). After electrophoresis, the gels were washed twice in 10 mM Tris-Cl (pH 7.5) and 2% Triton X-100 for 1 h at room temperature to remove the SDS, and then incubated for 24 h at 37 o C in a buffer containing 10 mM Tris-Cl (pH 7.5), 10 mM CaCl2 and 150 mM NaCl. The gels were stained with Coomassie Brilliant Blue R250 (Bio-Rad, CA) (0.25%) for 30 min, then destained for 1 h in a solution of acetic acid and methanol.
Proteolytic activity was evident as clear bands (zone of gelatin degradation) against the blue background of stained gelatin.
Measurement of cytokines and MMP-9 protein by ELISA
CRT-MG cells were cultured in the presence of HIV-1 Tat for the indicated periods, and MMP-9, TNF-α, IL-1β and IL-6 in the supernatants were measured by an ELISA kit (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions.
Electrophoretic mobility shift assay (EMSA)
Nuclear extracts of CRT-MG cells were prepared and analyzed for NF-κB binding activity by EMSA as described previously (Song et al., 2007b ). An NF-κB consensus oligonucleotide (Promega) was used in the EMSA. The complementary oligonucleotide was annealed and endlabeled with [γ- 32 P]ATP using T4 polynucleotide kinase. EMSA was performed in a total volume of 20 μl at 4 o C. Five micrograms of nuclear extracts were equilibrated for 15 min in binding buffer (10 mM Tris-HCl, pH 8.0, 75 mM KCl, 2.5 mM MgCl2, 0.1 mM EDTA, 10% glycerol, 0.25 mM DTT) and 1 μg of poly dI/dC. 32 P-labeled oligonucleotide probe (20,000 cpm) was then added and the reaction was incubated on ice for an additional 20 min. Bound and free DNA were then resolved by electrophoresis on a 6% native polyacrylamide gel in TBE buffer (89 mM Tris-HCl, 89 mM boric acid, and 2 mM EDTA).
Statistical analysis
The results were expressed as the mean ± SEM from at least three independent experiments. The values were evaluated via one-way ANOVA, followed by Duncan's multiple range tests using GraphPad Prism 4.0 software (GraphPad Software, Inc., SanDiego, CA). Differences were considered to be significant at P ＜ 0.001.
